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Protein–ligand interactions are ubiquitous and play important roles in almost every biological pro-
cess. The direct elucidation of the thermodynamic, structural and functional consequences of pro-
tein–ligand interactions is thus of critical importance to decipher the mechanism underlying these
biological processes. A toolbox containing a variety of powerful techniques has been developed to
quantitatively study protein–ligand interactions in vitro as well as in living systems. The develop-
ment of atomic force microscopy-based single molecule force spectroscopy techniques has
expanded this toolbox and made it possible to directly probe the mechanical consequence of ligand
binding on proteins. Many recent experiments have revealed how ligand binding affects the
mechanical stability and mechanical unfolding dynamics of proteins, and provided mechanistic
understanding on these effects. The enhancement effect of mechanical stability by ligand binding
has been used to help tune the mechanical stability of proteins in a rational manner and develop
novel functional binding assays for protein–ligand interactions. Single molecule force spectroscopy
studies have started to shed new lights on the structural and functional consequence of ligand bind-
ing on proteins that bear force under their biological settings.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction of elastomeric proteins, speciﬁcally how proteins respond andOver the last decade, the scientiﬁc community has witnessed
enormous progress in the ﬁeld of single molecule force spectros-
copy. Thanks to the development of instrumentation and protein
engineering techniques, force spectroscopy has evolved into an
indispensible tool towards examining the mechanical properties
and force-induced unfolding-folding dynamics of proteins with
unprecedented details at the single molecule level [1–9]; this has
led towards a burgeoning and promising ﬁeld of inquiry: protein
mechanics. Among the force spectroscopy techniques, atomic force
microscope (AFM) and optical tweezers are the most widely used.
Many proteins and protein complexes are subject to mechanical
forces in their native biological settings. Understanding how
mechanical forces modulate the conformation, stability and func-
tions of such proteins and the biological systems they constitute
is an important goal in protein mechanics. Detailed force spectros-
copy studies have revealed new insights into the design principlesadapt to mechanical stretching forces and how protein unfolding
and refolding dynamics are modulated by force [3–6,10]. These
studies have brought us a step closer towards understanding
how force-bearing proteins respond to mechanical loads under
physiological conditions.
Various aspects of protein mechanics have been discussed
within several review articles [1–8]. In this review, we will focus
on AFM-based single molecule force spectroscopy studies of
protein–ligand interactions and their implications in protein
mechanics.
Protein–ligand interactions, including protein–protein interac-
tions, play essential biological roles in every aspect of living sys-
tems, and have found important applications in medicine and
biotechnology [11]. The binding of a ligand to a protein will change
the conformation of the protein to a form that is structurally and
functionally distinct from that of the ligand-free state via bind-
ing-induced conformational changes [12,13]. These ligand-binding
events may then initiate a cascade of biological reactions critical
towards accomplishing speciﬁc biological functions. Accompany-
ing these structural and functional outcomes, ligand binding will
also lead to the enhanced thermodynamic (and sometimes kinetic)
stability of proteins [14,15]. Moreover, ligand binding may also
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ics. In turn, these structural, functional and thermodynamic conse-
quences have been used to quantitatively study protein–ligand
interactions in vitro as well as in living systems [16–18]. The
development of single molecule force spectroscopy tools has made
it possible to investigate protein–ligand interactions that occur in
proteins subject to mechanical loads under physiological
conditions. In this paper, we offer an overview of protein–ligand
interactions as studied using single molecule force spectroscopy
techniques, and provide recent examples about how force
spectroscopy has yielded insights into how mechanical stability
and protein folding/unfolding dynamics are modulated by pro-
tein–ligand interactions.
2. AFM: a powerful tool for observing protein mechanics
AFM-based single molecule force spectroscopy has been used as
a powerful tool towards probing the mechanical properties and
unfolding/folding dynamics of single protein molecules [4,6,10].
By stretching a protein between a sharp AFM tip and a solid sub-
strate, one can directly measure the force-extension behavior of
proteins (Fig. 1A). To identify single molecule stretching events,
polyproteins made of identical tandem repeats of the protein of
interest are typically constructed. Stretching these engineered
polyproteins results in force-extension curves that demonstrate a
characteristic sawtooth-like pattern in which each sawtooth peak
corresponds to the mechanical unfolding of a domain in the poly-
protein chain (Fig. 1B). The last force peak often corresponds to the
detachment of the polyprotein chain from either the AFM tip or
solid substrate. From these experiments, one can readily determine
the force required to unfold the protein (Fig. 1C), which is often
deﬁned as the protein’s mechanical stability. By repeatedly stretch-Fig. 1. Schematics of the AFM-based single molecule force spectroscopy. (A) Schematics
repeats of the protein of interest is deposited onto a glass coverslip and picked up by the
AFM tip and glass coverslip by moving the piezoelectric positioner in the Z-direction. Th
which serves as a force sensor. The displacement of the AFM cantilever can be measured
of the cantilever can be measured based on Equi-partition theorem. (B) A schematic for
repeats. The unfolding of the polyprotein results in force-extension curves of the characte
unfolding of one of the domains while the last peak typically corresponds to the detachm
sawtooth unfolding force peak measures the force at which the protein domain unfolds. D
experimental data. Contour length increment DLc measures the length increment upo
polyprotein.ing and relaxing the same protein molecule, it is possible to
directly measure folding kinetics at zero force. Due to the limited
force resolution and poor long-term stability of the AFM, it has
been difﬁcult to directly observe protein refolding under a stretch-
ing force. In addition, only a few speciﬁc cases of equilibrium
refolding-unfolding (including ankyrin [19] and calmodulin [20]),
have been observed. The force at which a protein unfolds is deter-
mined by both the difference in free energy between the folded
and mechanical unfolding transition state and the distance
between these two states [21]. Ligand binding will enhance the
thermodynamic stability of proteins, which relates to the free
energy difference between the native and unfolded state. If a ligand
binds to the native state with higher afﬁnity than the transition
state, ligand binding will preferentially stabilize the native state
over the transition state, thus enhancing the mechanical stability
of the protein.
3. The effect of ligand binding on protein mechanical stability
It is well known that ligand binding can stabilize the native
state of proteins relative to their unfolded state, where the
ligand-bound form of proteins exhibit a corresponding increase
in thermodynamic stability [14,15]. This property has been
extensively exploited to stabilize proteins, both in nature and in
laboratory. Many molecular machines in the cell perfectly exploit
these properties. These molecular machines are often large protein
complexes such as the F0/F1 ATP synthase and molecular chaperon
GroEL and GroES, whose thermodynamic stability originates from
strong protein–protein interactions. Despite the general correla-
tion between ligand binding and enhanced thermodynamic
stability, how ligand-binding affects mechanical stability and
mechanical unfolding pathways of proteins was not clear. This isof the AFM used to study single protein mechanics. A polyprotein made of tandem
AFM tip via non-speciﬁc physisorption. Then the molecule is stretched between the
e force acting on the polyprotein can be measured via the ﬂexible AFM cantilever,
by bouncing a laser beam to a position-sensitive photodiode and the spring constant
ce-extension curve from the stretching of a polyprotein made of identical tandem
ristic sawtooth appearance, where each individual sawtooth peak corresponds to the
ent of the molecule from either the glass coverslip or AFM tip. The amplitude of the
otted lines correspond to ﬁts of Worm-like chain model of polymer elasticity to the
n protein unfolding. (C) A sample unfolding force histogram of the unfolding of a
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tion coordinate determined by the application of force, may differ
from chemical and thermal unfolding pathways, and mechanical
stability does not generally correlate with thermodynamic stability
of proteins [22].
The ﬁrst studies on the effect of ligand binding on mechanical
stability of proteins were carried out using dihydrofolate reductase
(DHFR) [23,24]. The ﬁrst case demonstrating that ligand binding
can enhance the mechanical stability of proteins was shown for
DHFR from the Chinese hamster ovary (CHO-DHFR) [23], and later
in the small protein GB1 [25,26]. Using single molecule AFM and
ﬁngerprint techniques, Fernandez and co-workers showed that
CHO-DHFR unfolds at very low forces (<27 pN) in the absence of
its ligands, and that its mechanical unfolding often resulted in
force-extension curves without any characteristic unfolding force
peaks (Fig. 2A). When CHO-DHFR binds to its ligands, including
nicotinamide adenine dihydrogen phosphate (NADPH), 7,8-dihy-
drofolate (DHF) or inhibitor methotrexate (MTX), the mechanical
stability was signiﬁcantly increased to 80 pN under similar
experimental conditions (Fig. 2A). However, the simultaneous
binding of multiple ligands to CHO-DHFR does not additively
increase the mechanical stability of CHO-DHFR [23]. This study
clearly showed that ligand binding could enhance the mechanical
stability of proteins.
These initial observations were later elaborated on by experi-
ments using the small protein GB1 [25,26]. GB1 is known to bind
with high afﬁnity to the IgG antibody [27,28] through two GB1-
binding epitopes in IgG (one in the Fab region and the other oneFig. 2. The effect of ligand binding on the mechanical stability of proteins. (A) The ligand
CHO-DHFR unfolds at low forces that are often below the AFM detection limit and do no
CHO-DHFR occurs at much elevated forces and results in clear unfolding force peaks. (B
absence and presence of its high afﬁnity ligand Em9, the unfolding signatures of Im9 a
unfolding of proteins in the absence and presence of their ligands. If the ligand binding c
state, ligand binding will result in enhanced protein mechanical stability. If ligand bindin
unfolding energy barrier and unfolding forces will not be affected by ligand binding. (A) w
permission.in the Fc region). Using single molecule force spectroscopy and
the engineered polyprotein (GB1)8, Li and co-workers demon-
strated that the binding of Fc and Fab fragments to GB1 signiﬁ-
cantly increases GB1’s mechanical stability. Upon binding to the
Fc or Fab fragment, the unfolding force of GB1 increases by
80 pN at a pulling velocity of 400 nm/s (260 pN for antibody-
bound GB1 versus 180 pN for apo-GB1) [25,26]. This mechanical
enhancement effect is robust and can tolerate substantial changes
to the structure of GB1. For example, NuG2 and Gc3b4, two compu-
tationally designed variants of GB1 that have substantially differ-
ent sequences from wild type GB1, show similar signiﬁcant
enhancements in mechanical stability upon Fc fragment binding
[26]. It was found that the amplitude of the mechanical enhance-
ment effect does not correlate with the binding afﬁnity of Fc to
GB1 variants. Additionally, abolishing the binding afﬁnity of GB1
to Fc completely eliminates increases in exhibited mechanical sta-
bility. These results convincingly established that mechanical
enhancement originates from ligand binding. These mechanical
enhancement effects have been observed in a variety of protein
systems [20,29–40], ranging from naturally occurring protein–
ligand complexes to rationally designed protein–ligand binding
systems, suggesting that this enhancement (or modulation) effect
may play important functions for proteins that are exposed to
mechanical loads under physiological conditions.
Despite the fact that the mechanical enhancement effect has
been observed in many different proteins, there are several pro-
teins whose mechanical stability is not affected by ligand-binding
[24,29,41–44]. For example, although protein Im9 binds extremelybinding enhances the mechanical stability of CHO-DHFR. In the absence of its ligand,
t result in unfolding force peak. In the presence of its ligand MTX, the unfolding of
) Ligand binding does not affect the mechanical stability of the protein Im9. In the
re indistinguishable. (C and D) Schematic free energy diagrams for the mechanical
an preferentially stabilize the native state over the mechanical unfolding transition
g stabilize the native state and the unfolding transition state by the same degree, the
as adapted from Ref. [23] with permission and (B) was adapted from Ref. [42] with
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10 fM), this tight binding does not translate into mechanical stabil-
ization, where the mechanical stability of Im9 is not altered upon
the binding of E9 (Fig. 2B) [42]. In addition, minute structural
changes may also affect the mechanical enhancement effect for
protein structural homologues. In contrast to CHO-DHFR, the
mechanical stability of DHFR from E. coli [45] and mice [24] does
not change upon binding to their ligands MTX or NADPH despite
the high sequence homology between these different DHFRs. It is
worth noting that although ligand binding does not enhance the
mechanical stability of the native DHFR frommice, it does enhance
the mechanical stability of its mechanical unfolding intermediate
state as the life-time of the unfolding intermediate state increases
in the presence of ligand [24].
These drastically different observations reveal the sharp con-
trast between the effects of ligand-binding on thermodynamic sta-
bility and mechanical stability of proteins. Different from the
universal enhancement effect of protein thermodynamic stability
by protein–ligand interaction, mechanical enhancement effect by
ligand binding is far from universal and depends on speciﬁcs of
the mechanical unfolding pathways. This effect has been rational-
ized using thermodynamic cycle analysis (Fig. 2C and D) [32]. Since
the mechanical stability of proteins is a kinetic property that
depends on the size of the mechanical unfolding energy barrier,
how ligand binding affects protein mechanical stability inevitably
depends on how ligand binding affects the mechanical unfolding
energy barrier. If the ligand binds to the native state with higher
afﬁnity than to the mechanical unfolding transition state, the
native state will be preferentially stabilized over the mechanical
unfolding transition state, leading to a higher mechanical unfold-
ing energy barrier and thus a higher mechanical unfolding force
(Fig. 2C). In contrast, if a ligand binds to the native state with the
same afﬁnity as to the mechanical unfolding transition state, there
is no net effect on the mechanical unfolding energy barrier and
ligand binding will not affect the mechanical unfolding force
(Fig. 2D). This analysis has been experimentally veriﬁed using
rationally designed bi-histidine mutants of GB1 that bind Ni2+ with
high afﬁnity [32]. These studies provide a general guide for under-
standing the effect of ligand binding on mechanical stability and
unfolding processes. Based on this mechanism, it is now possible
to modulate the mechanical enhancement effect if one can tune
the mechanical unfolding pathway by careful application of force
along speciﬁc directions, given the vector nature of applied force
and the fact that unfolding proceeds along this set direction. Bertz
and Rief demonstrated this possibility using the maltose binding
protein (MBP) [30]. MBP consists of two lobes connected by a hinge
region that changes from an open to a close state upon the binding
of maltose. They found that when stretched from its N–C termini,
binding of maltose to MBP does not affect the mechanical stability
of MBP [41]. However, when they designed the pulling direction
such that the two lobes of MBP are forced to move apart along
the hinge axis upon stretching, the binding of maltose enhances
the mechanical stability of MBP [30].
4. The mode of mechanical stability enhancement
Among those proteins that have demonstrated an increase in
mechanical stability upon ligand binding, two modes of mechani-
cal enhancement have been observed. In one mode, holo-proteins
demonstrate well-deﬁnedmechanical stability under experimental
conditions [23,25,26,32,36]. The mechanical stability of holo-pro-
teins does not depend on ligand concentrations; thus, the mechan-
ical stability of apo- and holo-proteins are well deﬁned (Fig. 3A and
B). Most of the protein–ligand systems that have been studied to
date belong to this category. However, calmodulin, a small calciumbinding protein, exhibits a different mode of mechanical enhance-
ment [24,33]. Upon binding to calcium or calmodulin-binding pep-
tides, the mechanical stability of calmodulin increases. However,
the mechanical stability of Ca2+-bound calmodulin increases with
an increase in the concentration of calcium (Fig. 3C and D). The dif-
ference between the two mechanical stability enhancement modes
may be related to the binding-dissociation equilibrium and kinet-
ics of protein–ligand interaction. The ﬁrst mode is likely a result
of slow ligand dissociation, while the second mode likely results
from the fast binding-dissociation equilibrium under the experi-
mental time scale. Thus, the measured mechanical stability of
holo-proteins in the ﬁrst mode will be the ‘‘true’’ mechanical
stability of the holo-protein, while the mechanical stability of the
protein in the second mode likely reﬂects the property of the
time-averaged occupancy of the single protein in the holo- and
apo-states that are in fast equilibrium. With increasing concentra-
tion of ligands, the equilibrium between apo- and holo-states of
the given protein will shift towards higher occupancy in holo-state,
resulting in a gradual increase in the measured mechanical
stability.
5. Ligand-binding and mechanical unfolding/folding pathways
Apart from directly modulating mechanical unfolding kinetics,
ligand binding may also inﬂuence the mechanical unfolding path-
way of proteins [29,43]. Two recent studies have illustrated such
possibilities. In the ﬁrst example, Taniguchi and Kawakami investi-
gated the mechanical unfolding of the protein fragment p53NTR-
DBD, which derives from the tumor suppressor protein p53 and
consists of the natively unfolded N-terminal region (NTR) and the
central DNA binding domain (DBD) of p53 [43]. In the absence of
DNA, they found the mechanical unfolding of p53NTR-DBD results
in force-extension curves that show heterogeneous patterns,
where a high frequency of force peaks that demonstrate a contour
length increment of 76 nm are observed. This corresponds to
unfolding events connected to the unfolding of the DBD domain
plus an NTR fragment that interacts with DBD. The binding of
DNA signiﬁcantly changes the unfolding pattern of p53NTR-DBD,
which becomes regular and closely resembles that associated with
the unfolding of DBD. In a second study, Ainavarapu and coworkers
found that ligand binding can modulate the kinetic partitioning of
mechanical unfolding pathways of MBP [29]. The mechanical
unfolding of MBP proceeds along two parallel pathways: one
involves a mechanically stable intermediate state (pathway I)
and the other follows a simple two-state trajectory (pathway II).
The partitioning of these pathways is 62% to 38% in the absence
of the maltose ligand. Upon binding of maltose, this kinetic parti-
tioning is altered, where 79% of the trajectories followed pathway
I while 21% followed pathway II. Binding of a different ligand
(maltotrise) had a similar effect on mechanical unfolding pathway
partitioning. However, the mechanism underlying this modulation
remains unknown.
Protein–ligand interactions not only affect mechanical unfold-
ing reactions, but may also play important roles in protein folding
processes [46]. It is well recognized that protein–ligand interac-
tions not only occur immediately following folding, but that
ligands can also interact with unfolded proteins albeit with a much
lower afﬁnity. For these proteins, folding and ligand binding are
two intermingled processes, and the interplay between these two
processes are greatly important as proteins acquire the structure
necessary to carry out biological functions. However, it has been
challenging to directly monitor and distinguish these two pro-
cesses in real time. Cao and Li has devised a force spectroscopy
method to monitor the folding kinetics of G6-53, a bi-histidine var-
iant of GB1, in the presence of Ni2+ at the single molecule level [47].
Fig. 3. Two modes of mechanical stability enhancement by ligand binding. (A) The ﬁrst mode: ligand binding leads to holo-proteins of well-deﬁned mechanical stability.
Schematic force-extension curves show that the unfolding force peaks occur at two distinct levels, the lower one corresponds to the unfolding of apo-form while the higher
one corresponds to the unfolding of holo-form. (B) Schematic unfolding force histograms of proteins at difference concentrations of ligand. Unfolding forces show clear bi-
modal distribution. At different ligand concentrations, the relative populations of the apo- and holo-forms changes, but the average unfolding forces of the two populations
remain unchanged. Schematic force-extension curves were generated using Monte Carlo simulations based on kinetic parameters reported for G6-53 in the presence of Ni2+.
(C) The second mode: the mechanical stability of proteins increases continuously as a function of the ligand. Schematic force-extension curves show that the apo- and holo-
proteins do not exhibit clear difference in their mechanical stability. (D) Schematic unfolding force histograms of proteins in the presence of different ligand concentrations.
The unfolding forces show unimodal distributions at different ligand concentrations. The average unfolding force of the protein increases as a function of the ligand
concentration. Schematic force-extension curves were generated using Monte Carlo simulations based on kinetic parameters reported for calmodulin [20].
X. Hu, H. Li / FEBS Letters 588 (2014) 3613–3620 3617Using the mechanical stability of apo- and holo-proteins as probes,
they directly identiﬁed discrete G6-53 conformers (unfolded,
apo- and Ni2+-bound) populated along the folding pathway of
G6-53 in the presence of its ligand Ni2+. By carrying out single
molecule refolding experiments in the force-extension mode, they
directly monitored kinetic evolution processes of these different
conformers and elucidated the folding pathway of G6-53 in the
presence of Ni2+. This study opens up the ability to investigate
folding and unfolding mechanisms of proteins in the presence of
their ligands. In this vein, this method will be of special importance
in elucidating the folding mechanism of naturally occurring
metalloproteins.
6. Applications of the mechanical enhancement effect of
proteins
The enhancement effect of protein mechanical stability not only
contributes towards understanding how the architectural design of
elastomeric proteins contributes towards proteins’ adaption
towards mechanical loads in their native environments, but can
also have practical implications in material sciences and
bioanalysis.
The observation that apo- and holo-proteins demonstrate
distinct mechanical stabilities provides an unique means towards
utilizing mechanical stability as a probe to directly assay the
consequences of ligand binding and report the functional state
characteristics of protein–ligand complexes. This has led to the
development of a force spectroscopy-based single molecule
binding assay (Fig. 4) [25,48]. Different from co-localization basedmethods, this single molecule force spectroscopy based binding
assay allows one to directly assay the functional state of protein–
ligand complexes. This method is label-free and has a low back-
ground signal. Based on this novel assay, Li and coworkers directly
measured the dissociation constants between the Fc fragment of
human IgG antibody to protein GB1 as well as its variant NuG2
[25], as well as the binding constant of Ni2+ to G6-53, a rationally
designed bi-histidine variant of GB1 that binds Ni2+ with high
afﬁnity [48]. Force spectroscopy can also be used to investigate
ligand bindings modes [33]. For example, Junker and Rief utilized
a ligand fusion construct where the target peptide was fused to
calmodulin to ﬁnd that calmodulin binds target peptides CaMKK
(a target peptide from CaM-dependent kinase) and skMLCK (a
fragment from skeletal muscle myosin light chain kinase) through
distinct modes. Speciﬁcally, skMLCK binds calmodulin in a highly
cooperative fashion, while CaMKK binds with a lower degree of
interdomain binding cooperativity [33].
This mechanical enhancement effect has important applications
towards designing novel elastomeric proteins with tailored nano-
mechanical properties. It is challenging to rationally engineer the
mechanical stability of proteins. Ligand binding has emerged as a
robust means towards reversibly modulating mechanical stability.
For example, Li and co-workers used the binding/dissociation of
the Fc fragment to/from GB1 variants to successfully modulate
the mechanical stability of these variants between an extremely
mechanically labile state and a mechanically strong state [3,49].
However, ligand binding depends on speciﬁc protein–ligand part-
ners and mechanical enhancement is not general. To extend this
concept further, Li and co-workers developed a general, engineered
Fig. 4. Functional binding assay based on the enhancement of mechanical stability of proteins upon ligand binding. (A) Representative force-extension curves of (NuG2)8 in
the presence of difference concentrations of hFc. The population of apo- and holo-NuG2 can be readily identiﬁed from the force–extension curves. (B) Dissociation constant
can be accurately determined from the binding isotherms measured from single molecule AFM experiments. The difference in the dissociation constants of GB1 and NuG2 to
hFc is evident. Adapted from Ref. [48] with permission.
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mechanical stability [32]. It is well established that a bi-histi-
dine-based metal chelation motif can be readily incorporated into
proteins to enhance protein thermodynamic stability [50,51]. By
rationally placing the bi-histidine metal chelation site in the
mechanoactive site of proteins, metal chelation can readily
enhance the mechanical stability of proteins. This method has been
tested in a series of proteins, including GB1 [32], the FnIII domain
from tenascin [40] and Top7 (Zhuang and Li, unpublished results).
The ability to reversibly control protein mechanical stability
will help towards designing novel elastomeric proteins that can
alter their nanomechanical properties in response to external stim-
uli. Such novel elastomeric proteins will provide new building
blocks for constructing smart, protein-based biomaterials.
7. Outlooks
Single molecule force spectroscopy has provided a new tool
towards studying protein–ligand interactions from a protein
mechanics perspective, enabling an understanding of how
protein–ligand interactions modulate the mechanical propertiesand folding-unfolding dynamics of proteins under a mechanical
load. The studies highlighted in this review not only elucidate
insights that are otherwise difﬁcult to obtain using conventional
methods, but also open up new avenues towards addressing how
proteins fold in the presence of co-factors as well as eventually
designing proteins with tailored nanomechanical properties as
building blocks for novel biomaterials. We envision that further
single molecule force spectroscopy experiments will expand into
systems such as large protein–ligand (or protein–protein) com-
plexes in cellular environments, such as that reported recently
[31,38].
Despite this progress, there remain many unanswered ques-
tions and challenges. Firstly, the molecular details underlying the
mechanical enhancement effect remain largely unknown. Since
mechanical enhancement depends on preferential stabilization of
the native state over the unfolding transition state, the binding
afﬁnity of the ligand must be reduced as a protein is stretched from
its folded state to the unfolding transition state. However, it
remains largely unknown how this is realized for most protein–
ligand interactions investigated thus far. It is unknown what
interactions are disrupted and how protein conformation is altered
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bining force spectroscopy experiments with molecular dynamics
simulations will be critical. Although molecular dynamics simula-
tions on the mechanical unfolding of proteins in the presence of
their ligands remain limited, the work by Settanni et al. have illus-
trated the utility and insight that MD simulations can offer [35]. It
is anticipated that future work in this area will signiﬁcantly deepen
our understanding of the molecular mechanisms underlying
mechanical stability enhancement. Secondly is the mechano-allo-
steric modulation of mechanical stability. Allostery is an important
mechanism in regulating enzyme function [13]. Ligand binding at
the protein’s allosteric site, which is a site other than the protein’s
active site, can change the overall function of a protein. Whether
allostery plays a role in the mechanical unfolding of ligand-bound
proteins is worth further investigation. When a ligand binds
directly to the mechanoactive site, it is easier to imagine that
stretching will likely disrupt interactions between the protein
and ligand, as well as reducing the binding afﬁnity at the transition
state. However, in certain proteins that have been investigated
thus far, a ligand binds to a region of the protein that is distant
from the mechanoactive site. For example, the Fc fragment can
bind the a-helix side of GB1, away from the mechanoactive site
located at the two force-bearing b strands. The experimental
observation that Fc binding signiﬁcantly enhances the mechanical
stability of GB1 suggests that ligand binding is coupled to the
mechanoactive site via long-distance coupling. We suggest that
such long distance coupling is a manifest of allostery in protein
mechanics. Understanding the molecular mechanism behind such
mechano-allosteric effects will be important for rationally enhanc-
ing the mechanical stability of proteins and deciphering the
mechanical unfolding mechanism of proteins. Thirdly, another
important question relates to the additivity of mechano-enhance-
ment effects upon multi-ligand binding. Proteins can bind different
ligands independently and simultaneously. Although the thermo-
dynamic effect of multiple ligand binding is often additive, the
mechanical effects are unclear. To this end, both NADPH and
MTX can enhance the mechanical stability of CHO-DHFR indepen-
dently, while the binding of both NADPH and MTX does not lead to
an additive increase in mechanical stability, where the binding of
one ligand is attenuated by the other. However, in the case of the
GB1 variant that can bind Ni2+ and Fc independently, the binding
of both ligand leads to an additive mechanical enhancement effect
[49]. Detailed mechanistic investigations will be necessary to deci-
pher the molecular mechanism underlying the diverse behaviors
exhibited by different protein–ligand binding partners.
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